A new method for surface modification based on the arc surface alloying has been proposed and its feasibility has been investigated performing niobium aluminide coating on a niobium base metal. When tungsten arc was used to melt an aluminum plate placed on a niobium block, the niobium surface was also melted and a melt pool of an Al-Nb binary alloy was formed on the niobium block. The melt pool solidified into niobium aluminides on the surface of the niobium block, forming a thick NbAl 3 layer on the top surface of the coating layer. When an Al-Si alloy plate was used instead of the aluminum plate, a niobium almino-silicide layer was formed on the niobium block.
Introduction
Niobium and niobium-based alloys can be candidates for new refractory materials that have potential for use at temperatures higher than currently possible with conventional nickel-based superalloys, because niobium has a very high melting point of approximately 2470 C. However, because niobium has very weak resistance to high temperature oxidation, a dramatic modification in oxidation resistance is essential in developing niobium-based refractory materials. Alloying of niobium with silicon, aluminum and titanium improves the high temperature strength, fracture toughness and oxidation resistance to some extent. 1) However, the improvement in oxidation resistance by compounding with aluminum and silicon is much more significant compared with allying with those elements.
2) Therefore, coating with niobium aluminides or silicides will be a preferable way for developing niobium-based refractory materials.
There are many conventional coating methods such as hot dipping, 3, 4) pack-cementation 5, 6) and electro plating using molten salt. [7] [8] [9] These methods are successful but require a long processing time and a high processing temperature, and also the coating layer is very thin, because these methods are based on the diffusion mechanism. For production of a thick coating layer, Murakami et al. 10) proposed a method based on powder metallurgy. They produced niobium aluminide compact and joined it to a niobium base metal using the spark plasma sintering method. The present authors 11, 12) also proposed a new method based on an exothermic reaction between nickel powder and aluminum droplets for NiAl coating on nickel-and iron-based alloys. In this method, the heat from the NiAl formation reaction melts the surface of the base metal, which leads to a good joining between the NiAl coating layer and the base metal. At first, we attempted applying this method to NbAl 3 coating on niobium-based alloys, and dropped an aluminum droplet onto niobium powder placed on a niobium base metal. However, the reaction was not completed and the surface of the niobium base metal was not melted, because the formation enthalpy of NbAl 3 is very small compared with that of NiAl and the melting point of the niobium base metal is very high compared with those of nickel-and iron-based alloys. It was found that in case of NbAl 3 coating based on the exothermic reaction, an external heat source was necessary.
In this study, we propose a new aluminides coating method based on the surface alloying using tungsten metal arc heat source, and investigate the feasibility of the method performing a simple experiment. Figure 1 schematically illustrates the present idea for aluminide coating on niobium. A reactant metal of aluminum is placed on a base metal of niobium ( Fig. 1(a) ), and then the aluminum is melted by a tungsten metal arc heat source ( Fig.  1(b) ). The surface of the base metal of niobium is also melted (Fig. 1(c) ), and an Al-Nb binary alloy liquid is produced ( Fig. 1(d) ). This alloy liquid solidifies on the base metal forming a layer of niobium aluminide, such as NbAl 3 ( Fig.  1(e) ).
Method
To investigate whether this idea is feasible or not, a simple experiment was carried out. The experimental procedure is The period of arc time was varied from 3 to 10 s. The arc processing was carried out in air, but a shield gas of argon was used to protect the heated part of the sample from oxidation. The supply of the shield gas with a flow rate of 200 cm 3 /s was started before the arc supply and was continued for 10 s after the finish of the arc supply for cooling and protecting of the heated sample. An Al-25 mass%Si alloy plate was also used as the reactant metal instead of the aluminum plate to investigate the feasibility of alumino-silicide coating by this method.
After solidification of the melt pool formed on the surface of the base metal, the sample was sectioned perpendicular to the melted surface, and microstructures of the section were observed using a scanning electron microscope (SEM). Concentration profiles of aluminum and niobium on the section were investigated on a line across the interface between the coating layer and the niobium base metal using an electron probe microanalyzer (EPMA). Figure 3 shows a microstructure of a sample. The arc time was 10 s. A thick coating layer was formed on the niobium base metal. No cracks or cavities were observed at the interface between the coating layer and the base metal. The coating layer exhibited a dark gray monotone, which suggested that the coating layer consisted of a mono-phase structure. However, results of the EPMA investigation revealed that the coating layer had some different phases. Figure 4 shows the results of the EPMA investigation for the sample shown in Fig. 3 . The analysis was carried out on a line across the interface between the coating layer and the base metal. The distance from the interface is given on the abscissa axis, while the concentrations of aluminum and niobium are given on the ordinate axis. The concentrations in the coating layer remarkably scattered. The average niobium concentration in the coating layer was approximately 35 mol%. The minimum niobium concentration was approximately 25 mol%, while the maximum aluminum concentration was approximately 75 mol%. These concentrations correspond to the composition of NbAl 3 . On the other hand, the maximum niobium concentration was approximately 45 mol%, while the minimum aluminum concentration was approximately 55 mol%. These concentrations correspond to the eutectic composition of NbAl 3 -Nb 2 Al system, according to an Al-Nb binary equilibrium phase diagram shown in Fig. 5 .
Results and Discussion

Al-Nb binary system
13) Therefore, it is likely that the scattering in a wide range shown in Fig. 4 reflects the mixture of NbAl 3 phase and eutectic dual phases of NbAl 3 and Nb 2 Al. An observation of the coating layer at a high magnification revealed that the coating layer consisted of a fine solidification structure, as shown in Fig. 6 . A spot analysis revealed that the dark gray colored columnar dendrites were NbAl 3 and the light gray colored inter-dendritic region was NbAl 3 -Nb 2 Al binary eutectic. 
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According to the Al-Nb binary equilibrium phase diagram, the solidification process of the liquid on the niobium base metal is considered as follows. After finishing of the arc supply, the temperature of the liquid decreased and reached the liquidus line, and the primary crystal of NbAl 3 phase started to crystallize with the dendritic morphology. As the dendrites grew, the residual liquid became rich in niobium, and finally the niobium concentration reached the eutectic composition and the eutectic solidification produced the dual-phase structure of NbAl 3 and Nb 2 Al. However, the above mentioned solidification is not preferable, because the aim of this study is not the formation of a dual-phase coating layer of NbAl 3 and Nb 2 Al but the formation of a thick mono-phase layer of NbAl 3 . The niobium concentration of the coating layer should be reduced for the formation of a preferred thick mono-phase coating layer of NbAl 3 . Because niobium originates from the surface melting of the base metal, as described in Fig. 1(c) , a decrease in melting depth will be effective at reducing the niobium concentration. Therefore, we reduced the arc time from 10 to 3 s to reduce the melting depth of the base metal. Figure 7 shows a microstructure of a sample produced using a reduced arc time of 3 s. The coating layer can be divided into 3 parts: (i) a thick layer having a dark gray color, (ii) a thin layer having a mixture of dark gray and light gray colors, and (iii) a thin layer having a light gray color. Judging from the EPMA results shown in Fig. 8 and the Al-Nb binary equilibrium phase diagram shown in Fig. 5 , the thick layer indicated as (i) consists of a mono-phase structure of NbAl 3 , the thin layer indicated as (ii) consists of a mixture of NbAl 3 phase and NbAl 3 -Nb 2 Al eutectic phases, and the thin layer indicated as (iii) consists of NbAl 3 -Nb 2 Al eutectic phases. Thus, the reduction in arc time led to the reduction in niobium concentration of the liquid and the formation of a thick NbAl 3 coating layer. Consequently, it was shown that the present method for aluminide coating on niobium is feasible. Aluminide Coating on Niobium by Arc Surface Alloying
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Al-Si-Nb ternary system
According to Murakami et al., 2) Al-Si-Nb ternary intermetallic compounds, niobium almino-silicides, also exhibit excellent oxidation resistance. Therefore, the niobium almino-silicides are also likely candidates for protective coating materials. Therefore, we applied the present method to niobium almino-silicide coating. A reactant metal of an Al-25 mass%Si alloy plate was placed on the niobium base metal, and the arc heat source was supplied onto the plate. This reactant metal plate was cut from a commercial ingot including large primary crystal of silicon particles of 300 to 500 mm in diameter. Figure 9 shows a microstructure of a sample. The arc time was 5 s. The most part of the coating layer was occupied by the Al-Si eutectic structure, and dendrites of -phase (Nb 3 Al 2 Si 5 ) were distributed in the eutectic structure. This microstructure implies that the average composition of the coating layer was in a region indicated as C 1 in an Al-Si-Nb ternary equilibrium phase diagram 14) (Fig. 10) . The Al-Si eutectic structure is inappropriate for a protective coating layer for high temperature oxidation, because the Al-Si eutectic temperature is as low as 577
C. The niobium concentration in the coating layer should be increased to form almino-silicides. In spite that the arc time of 5 s was longer than that was used for the niobium aluminide coating as the optimum arc time, it seemed that 5 s was shorter for this niobium alumino-silicide coating. It is likely that the large silicon particles in the reactant metal required longer time to be melted. We increased the arc time to increase the niobium concentration. Figure 11 shows a microstructure of a sample produced using an increased arc time of 8 s. The coating layer had a fine microstructure, as shown in Fig. 11(a) . An investigation using the EPMA revealed that the microstructure consisted of a mixture of -phase (Nb 10 Al 3 Si 3 ), NbAl 3 and Nb 2 Al as shown in Fig. 11(b) . The coexistence of these phases means that the average niobium concentration of the coating layer increased to a position in a region indicated as C 2 in an AlSi-Nb ternary equilibrium phase diagram (Fig. 10) . Thus, the controlling of the arc time led to the formation of the niobium alumino-silicides on the niobium base metal, as well as the niobium aluminide coating.
Conclusions
A new method for niobium aluminide coating on niobium was proposed and its feasibility was investigated. The results are summarized as follows.
(1) When tungsten arc heat source was supplied to melt an aluminum plate placed on a niobium base metal, the niobium surface was also melted and a melt pool of an Al-Nb binary alloy was formed on the niobium base metal. The melt pool solidified into a layer of niobium aluminides on the surface of the niobium base metal, forming a thick NbAl 3 layer on the top surface of the coating layer. (2) When an Al-Si alloy plate was used instead of the aluminum plate, a melt pool of an Al-Si-Nb ternary alloy was formed and a thick layer containing niobium almino-silicides was formed on the niobium base metal.
